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Abstract—The 1991-1993 El Nino event is described using data from the TOGA-TAO buoy
network. concentrating on variability at 140°W wherc a full suite of temperaturce, current, and
surface meteorological obscrvations were made. The daily time serices furnished by the buoy array
brings out the conspicuous importance of remotely forced intraseasonal variability in the form of
cquatorial baroclinic Kelvin waves during the cvolution of the 1991-1993 El Nifio. Notable
variations along 140°W included a major weakening of the Equatorial Undercurrent in late 1991 to
carly 1992, and a reduction in intensity of monthly period tropical instability waves during the latter
part of 1991 compared to previous non-El Nifio years. The North Equatorial Countercurrent
showed no major signal duc to this EINifio. in contrast to earlier warm cvents. Although anomalies
of the South Equatorial Current spanning the equator were in an castward sense during the height
of the event. the result of these changes was that near-surface flow across 140°W between 5°S and
5°N was close to zero, so there was apparently no large castward transport of surface water past
140°W into the castern equatorial Pacific. The relative phasing of anomalies of thermocline depth,
cquatorial undercurrent speed and SST during the warm event of 1991-1992 was somewhat similar
to that scen during the 1986-1987 El Nifio, although the earlier event was followed by a strong cold
(LaNina) cvent whereas the recent one was not. Uniquely among modern El Nifio events, after the
1991-1992 episodc appeared to end with a reappearance of the equatorial cold tongue in mid-1992,
a sccond SST warming in the castern Pacific occurred in early 1993.

The present data sct is inadequate to fully diagnose the mechanisms of SST change at 140°W, but
time series of insolation, air-sea temperature difference and humidity show that local air—sea heat
flux variations (cither radiative or turbulent) were probably not the primary cause of the SST
changes during the El Nino. Similarly, although horizontal advective mechanisms were important
contributors to SST signals at certain times, these alone did not account for the major warming and
cooling events. Instead. the largest SST variations of the 1991-1992 El Nifio can be ascribed to
upwelling variations, and a simple parameterization for this process is presented. The major
warming and cooling events in the central/eastern equatorial Pacific occurred nearly simul-
tancously over a wide longitudinal range. indicating that occanic wave processes could not have
been the sole source of the changes.

1. INTRODUCTION

The JGOFS (Joint Global Ocean Flux Study) EqPac cruises at 140°W took place against
the background of the El Nino warm event of 1991-1992-1993 (Murray et al., 1994). The
purpose of this paper is to describe the development of the basin-wide circulation changes
associated with this El Nino, with emphasis on conditions along 140°W, in order to place
the physical/chemical/biological observations made during the JGOFS cruises in the
context of their physical environment. Physical/dynamical issues raised by the JGOFS
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observations include the role of advection by the equatorial current system, large changes
in the vertical structure associated with the passage of equatorial waves, upwelling
variations, and changes in the air—sea fluxes. Sampling of the 1991-1993 event was more
complete than in any previous El Nifio due to the expanded TOGA-TAO (Tropical
Atmosphere-Ocean) buoy array (Hayes et al., 1991a; McPhaden, 1993), which is the
primary data source used in this work. The daily time series of ocean temperature, currents
and surface winds provided by the buoy network allows close resolution of the multiple
time-scale features of the event.

Uniquely among modern El Nifio events, after an apparent return to cool conditions in
the eastern Pacific in the second half of 1992, another briefer, weaker warm event occurred
in boreal spring 1993. We will use the terms “1991-1992 event” to refer to the warm event
that began in September 1991, peaked in March 1992, and returned to cold sea-surface
temperature (SST) in the eastern Pacific by August 1992, and “1993 event” to refer to the
briefer warming in boreal spring 1993. The return of El Nifio was particularly surprising
since the generally accepted paradigm for El Nifio assumed that warm events are preceded
by a year or more of stronger than normal trade winds, which build up a thick warm layer in
the western equatorial Pacific (Wyrtki, 1975; Battisti, 1988; Schopf and Suarez and
Schopf, 1989). In a companion study, we tested hypotheses concerning the initiation and
evolution of El Nifo using basin-scale data from the TAO array (Kessler and McPhaden,
1995). Most notably, we found that the 1993 event was preceded by neither stronger than
normal tradewinds nor a deeper than normal thermocline in the western Pacific, sugges-
ting that present theories of El Nifio do not completely account for the full range of
observed interannual variability. This study complements that of Kessler and McPhaden
(1995) by focussing more on descriptive aspects of the 1991-1993 El Nifio along 140°W for
the time period encompassing the JGOFS cruises; and by examining details of the upper
ocean heat balance near the equator during the JGOFS time frame.

The high temporal resolution of the moored buoy observations brings out the conspicu-
ous importance of variability at frequencies higher than are often considered in studies of
El Nifio. Two of these relatively rapid time scales are associated with particular phenom-
ena: the intraseasonal Kelvin waves and the tropical instability waves, and we briefly
review these here.

Intraseasonal (30-100 day period) variability of the tropical atmosphere is a global-scale
phenomenon known as the Madden—Julian Oscillation (MJO) (Madden and Julian, 1971,
1972). The MJO usually arises over the central Indian Ocean as an organized region of
deep convection. As this convection intensifies, it moves east at speeds of 3 to 6 m ™!
(Weickmann et al., 1985; Rui and Wang, 1990; Weickmann and Khalsa, 1990). Typically
the westerly winds below and to the west of the convection can be intense, and Kessler et
al. (1995) showed the close connection between westerlies associated with MJO convec-
tion and generation of downwelling equatorial oceanic Kelvin waves in the Pacific. As the
MJO moves east, past the edge of the west Pacific warm pool (about 160°E~180°), the
convection and surface wind signature of the phenomenon weaken, so intraseasonal
variability in the eastern Pacific Ocean is usually remotely forced (Kessler ef al., 1995).
However, during EI Nifio, when warm SST above 28°C is found across the basin, MJO
convection can penetrate to 140°W or even further east, and we will show observations of
the occurrence of this during early 1992.

Tropical instability waves (TIW) are 20 to 30 day period oscillations first seen in satellite
observations as an undulating SST front just north of the equator in the eastern Pacific
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(Legeckis, 1977). Their energy source is probably associated with shear instability of the
large-scale zonal currents, although precisely which shear zones are important remains
unclear. The waves are typically absent during boreal spring, when the South Equatorial
Current and North Equatorial Countercurrent are weak. Tropical instability waves
produce large amplitude fluctuations of meridional current, with consequent strong
advective temperature signals (Hansen and Paul, 1984; Pullen ef al., 1987; Halpern et al.,
1988; McPhaden, 1995). The three-dimensional TIW velocity field is only partly known,
but appears to produce a net equatorial heat flux (Hansen and Paul, 1984).

2. DATA DESCRIPTION AND PROCESSING

2.1 The TOGA-TAO buoy array

The principal data set used in this paper is the TOGA Tropical Atmosphere-Ocean
(TAO) buoy array, which consists of more then 60 deep ocean moorings arranged in
pickets nominally 15° longitude apart across the equatorial Pacific (Fig. 1). Most of these
buoys are ATLAS thermistor chain moorings (Hayes ez al., 1991a) that measure tempera-
ture at the surface and 10 subsurface depths down to 500 m, as well as surface winds,
relative humidity and air temperature. Air and water temperatures and relative humidities
are sampled 6 times per hour, and daily averages of these are transmitted in real time each
day to shore by satellite via Service Argos. Vector winds 3.8 m above the surface are
sampled at 2 Hz for 6 min each hour and similarly averaged to daily means and transmitted
via Service Argos. Zonal and meridional currents, surface winds, air temperatures,
relative humidity, shortwave radiation, SST and subsurface temperatures are measured by
PROTEUS moorings at 110°W, 140°W, 165°E and 156°E on the equator. These moorings,
the first of which was deployed at 0°, 140°W in 1990, are equipped with downward-looking
Acoustic Doppler Current Profilers (ADCP) that telemeter velocity profiles in the upper
250 m (McPhaden er al., 1990). Before 1990-1991, buoys at these locations were
instrumented with mechanical current meters at six to eight depths between the surface
and 300 m (McPhaden and McCarty, 1992). Data gaps of up to 10 days were filled at each
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Fig. 1. Map of the TAO buoy network as of September 1993. The symbols indicate the length of
time a buoy has been in the water at cach location.
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Fig. 2. Southern Oscillation Index (SOI). Monthly values (squares) and 5-month running mean

(ling). The SOI is based on the surface atmospheric pressure difference between Tahiti and

Darwin, Australia. Negative values of the SOI indicate negative anomalies of surface pressure in
the castern Pacific, which are associated with EI Niflo.

location using an objectively estimated triangle filter having a half-power point at about 20
days (Chelton and Davis, 1982; Appendix). Time-longitude sections of zonal wind, SST
and 20°C depth (Figs 3-5, respectively) were constructed by zonal linear interpolation. Ina
few cases where the equatorial mooring was not available, we used an average of the 2°S
and 2°N time series to fill the sections.

For examination of the surface heat balance (Section 4), we have computed sensible,
latent and longwave fluxes using daily averaged mooring data in the bulk formulae

Q.\' = C;paCHU(T() - Tu) (13)
Qr = Lp,CrU(qy — q,) (1b)
Qrw=[e0T}(0.39 — 0.05¢)%) + 4eaT{ Ty — T,)] (1 — 0.62C%) (1c)

where Ty is SST, T, is air temperature, U is wind speed, p, is air density, g, is the specific
humidity at temperature T,, ¢, is the saturation humidity for SST, e, is the vapor pressure
at temperature T,, and C is the cloud fraction. C, and Cy are turbulent exchange
coefficients for latent and sensible heat, respectively, which we have estimated using Liu ef
al.’s (1979) formula, modified, based on recent TOGA-TAO measurements (C. Fairall,
personal communication, 1994). L is the latent heat of vaporization, ¢ is the emissivity of
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Fig. 3. Zonal wind (m s ') along the cquator during 1991 through June 1993 from buoy data

smoothed with a 17-day triangle filter. Top: obscrved values: bottom: anomalies from the COADS

climatological annual cycle. Contours are every 3m's ' Yellow to red shading indicates positive

(westerly) zonal wind. blue indicates casterlics. Small squares along the left and right edges of the

plots show the positions of the buoys used to make the gridded ficlds at the beginning and end of the
study period.
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Fig. 4. As Fig. 3 except for SST (°C). Contours are cvery degree centigrade. Red shading
indicates warmer SST. with a shading level every 1°C and a supplemental shading level to indicate
20.5°C. For the anomalics. shading levels are every 0.5°C.



The 1991-1993 Et Nino in the central Pacific 301

155°E
165°E wn
3
(@)
180° 9
o 2
170°W o
)
155°W Q
<
140°W <
Q
C
125°W o
w
110°W -4 p—_— 5
JFMAMJJASONDJFMAMJIJASONDUJIFMAMY
1991 1992 1993
155°F
165°E
180°
170°W z
o]
3
155°W a
g.
140°W
125°W 3
110°W 1\
JFMAMJJIJASONDJIFMAMJIJJASONDUJIFMAMY
1991 1992 1993

Fig. 5. AsFig. 3 except for 20°C depth (m). The contour interval is 20 m. Top: smoothed dzlil&l
values. Bottom: anomalies trom the annual cvele derived from XBT data. Red indicates deep
thermocline, blue, shallow.
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Fig. 7. Buoy winds. temperature and zonal current at (°, 140°W during 1991 through June 1993,

smoothed with a 17-day triangle filter. Top: zonal wind (m s™'); middle: temperature between the

surface and 250 m. with red indicating warmer temperatures: bottom: current {¢m s”') between
10 m and 250 m. with red indicating positive (eastward) flow.
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seawater, o is the Stefan-Boltzmann constant, and Cj, is the specific heat of air at constant
pressure.

To obtain cloud fraction in the formula for Q, y, we inverted Reed’s (1983) expression
for shortwave radiation using directly measured estimates of Qg from the Eppley
precision pyranometer mounted at 3.5 m above mean sea level on the surface toroid at 0°,
140°W

C=1.61[1 — (Qsw/Qcs) + 0.00197] )

where Qg is the clear sky radiation, Qg is measured insolation, and # is noon solar
altitude. On occasion, this formula gave cloud fraction greater than unity for very low
values of insolation, indicating that a more complete bulk parameterization of incoming
shortwave radiation should include other cloud properties such as cloud optical thickness
and/or cloud height. For the purposes of this study, we imposed an upper limit of C = 1
(fully cloud-covered sky) as computed from equation (2), although not imposing this limit
has little discernable impact on the low-pass filtered time series of C and Q; y discussed
below. For short wave flux across the air—sea interface, we used directly measured values
(available as 6-min averages every 20 min) reduced by 6% for oceanic albedo and averaged
to daily mean. To confirm and extend time series of cloudiness values inferred from
equation (2), we use outgoing longwave radiation (OLR), which is an indication of the
occurrence of tropical deep convection obtained as satellite infrared radiance measure-
ments (Weickmann et al., 1985; Waliser er al., 1993). Low values of OLR are assumed to
be associated with tall cumulus towers and intense tropical convection. The OLR data
discussed here are averaged into a 2.5° X 2.5° x 5 days latitude-longitude-time grid.

For typical instrumental errors in wind speed, air temperature, SST and relative
humidity (Freitag et al., 1994) the uncertainty in the determination of Q, will be about 10
W m 2 (Zhang and McPhaden, 1995). Sensible heat flux itself is about an order of
magnitude smaller than latent heat flux, and uncertainties in sensible heat flux at most will
be only about 1 to 2 W m ™ due to instrumental errors. These error estimates for turbulent
heat exchange do notinclude errors due to use of the bulk formulae (1) and (2); nor do they
include possible sources of error arising from deployment at sea (e.g. buoy motion,
radiational heating of the air temperature sensor, etc.). Such errors could be comparable
to instrumental errors, but we have no way of evaluating them with confidence.

For shortwave radiation, Freitag e al. (1994) estimate a relative instrumental accuracy
of 2%, equivalent to a 5 W m ™2 error for typical solar irradiances of 250 W m 2. For
longwave radiation, estimates can vary by as much as 20 to 30 W m* depending on the
form of the bulk formula used (Feng et al., 1984); however this uncertainty would appear
in our analysis mainly as a bias error with a lesser effect on temporal variability, which is
the focus of our study.

We used the atlas of Oberhuber (1988) as a baseline to evaluate the representativeness
of our latent, sensible and longwave surface-heat fluxes. Conversely, we used Reed’s
(1983) formula with the COADS (Woodruff er al., 1987) cloud fraction to estimate a
shortwave radiation climatology at 0°, 140°W. We found systematic biases of about 35 W
m~? in the measured shortwave vs the Oberhuber (1988) shortwave flux at 0°, 140°W over
the entire period studied here. We ascribe this difference to the arbitrary reduction of
surface shortwave radiation by 10% in Oberhuber’s analysis, not to real interannual
variability. The Reed/COADS computation gave a much more reasonable comparison to
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the direct measurement in mid-1992 when SST and cloudiness returned to near-normal in
the eastern Pacific cold tongue.

2.2 TOGA XBT data

Since the mid-1980s XBTs have been regularly deployed from volunteer merchant ships
on a track between San Francisco and Tahiti, crossing the equator at 142°W, conveniently
near the 140°W buoy line. During 1991-1992 a total of 913 XBT profiles (nominally to
450 m) were made on this line between 15°S and 15°N, for an average sample rate of 1.3
profiles per degree latitude per month. Previous studies using XBT data (e.g. Kessler et
al., 1985; Kessler and Taft, 1987; Picaut and Tournier, 1991; Taft and Kessler, 1991) have
shown that this sample rate is adequate to construct meridional sections of the tropical
Pacific zonal geostrophic currents, resolving variability with periods of longer than 2 to 3
months. These data are a useful supplement to the buoy time series, in particular for
studying variations of the North Equatorial Countercurrent (NECC) at 4-10°N. This
geostrophic current is not well resolved by the coarse meridional spacing of the TAO
buoys, but can be an important component of the zonal redistribution of water during El
Nino (Wyrtki, 1974; Meyers and Donguy, 1984; White er al., 1985; Kessler and Taft,
1987).

To produce the time series of zonal geostrophic currents in Fig. 6, we first grouped
profiles on the San Francisco-Tahiti ship track, defined as a swath 10° longitude wide,
centered on the mean track position. Once the profiles were grouped within the track
region, their longitude was ignored and the collection was considered simply as a
meridional section approximately along 140°W (see Fig. 2 of Kessler and Taft, 1987).
Having selected the profiles within the track region, density was found using a mean TS
relation constructed from the Levitus (1982) climatology. Dynamic height was integrated
for each profile separately (for all profiles extending to at least 300 m, and with at least 10
temperature samples), then gridded onto a 1° latitude by 1 month grid using a two-
dimensional Gaussian-weighted moving average with mapping scales of 30 days and 1°
latitude. The zonal geostrophic speeds shown in Fig. 6 were calculated by centered
differencing the dynamic heights in the region poleward of 2° latitude.

2.3 Other data sets

Climatologies from several sources were used to define anomalies of observed quan-
tities. For surface zonal wind speeds, anomalies were found from the COADS average
annual cycle for the period 1946-1989. COADS is a monthly compilation (extending back
into the 1800s) of surface meteorological observations from ships, binned on a global 2° by
2° grid (Woodruff er al., 1987). SST anomalies were defined relative to the average annual
cycle based on the most recent 10 years of the Reynolds and Smith (1994) blended satellite
product. This is a weekly-average global product on a 1° latitude/longitude grid con-
structed from AVHRR data obtained from polar-orbiting satellites, adjusted to in situ data
from ships and buoys, and gridded using an optimal interpolation procedure. Anomalies
of 20°C isotherm depth were estimated from a climatology based on XBT/MBT data
compiled by Kessler (1990), consisting of 21,811 profiles between 5°N and 5°S taken during
1970 to 1987. The terms “normal” and “climatology™ in the text refer to the COADS,
Reynolds and Smith (1994) and Kessler (1990) annual cycles, for winds, SST and 20°C
depth, respectively. We have used these external climatologies rather than constructing
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Fig. 6. Speeds of zonal currents at 140°W in five latitude bands. The dashed line is the average
annual cycle in each case. For the off-cquatorial currents [pancls (a), (b), (d)] the speeds are
geostrophic. relative to 300 m, and averaged in the latitude bands indicated. Panels (c) and (e)
show directly measured speeds at the equatorial current meter buoy. The vertical scale is the same
for each panel, and eastward flow is always shown positive (up). No attempt was made to calculate
geostrophic speeds within 2° of the equator. (a) Surface zonal velocity averaged between 5°N and
11°N, approximating the North Equatorial Countercurrent (NECC); (b) as panel (a) but between
2°N and 4°N, approximating the South Equatorial Current (SEC) north of the equator;
(c) measured zonal speed at the equator at 10 m depth, representing the SEC on the equator; (d) as
panel (a) but between 2°S and 7°S, approximating the SEC south of the equator; (e) as panel (c) but
at 120 m depth, representing the core of the Equatorial Undercurrent (EUC).
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them from the buoy data itself, since most buoy records are relatively short (less than 10
years duration) and cover different time periods at different locations. The bottom panels
of Figs 3, 4 and 5 show time-longitude sections of anomalies from these climatologies of
zonal winds, SST and 20°C depth along the equator.

The Reynolds and Smith (1994) blended satellite SST product also was used to
supplement the TAO buoy data when finer spatial resolution was needed. Comparison
with the TAO buoy time series shows that the satellite analysis agrees well with the buoys
at their locations, but adds a considerable amount of information on the zonal variation of
SST between the 15° longitude spacing of the buoy lines. This is particularly important
when variability due to tropical instability waves, which have zonal wavelengths compar-
able to the zonal separation of the buoys, is present. This data set also gives somewhat finer
meridional resolution of the SST field (1° latitude for the blended product vs 2° latitude for
the buoys), which we take advantage of in calculating the meridional derivative of SST.

3. CHRONOLOGY OF THE EVENT

3.1 Before September 1991

During 1990, persistent westerly wind and warm SST anomalies in the western
equatorial Pacific had led to speculation that an El Nifio event would begin in late 1960
(Kerr, 1990, 1991). However, it was not until September 1991 that observations could be
unambiguously interpreted as El Nifio. Surface winds across most of the basin during mid-
1991 were typically within 1 to 2 m s~ of climatology: anomalies were westerly during
March to June, then weakly easterly during July to August (Fig. 3). SST west of the
dateline remained close to 1°C anomalously warm during all of 1991. SST east of about
150°W was roughly 1°C above climatological normal during May to July 1991, but cooled
more than 2°C during July and August to a level below climatology by mid-September
(Fig. 4); this cooling occurred simultaneously with maxima of easterly winds, westward
zonal surface current and upwelling in the eastern Pacific (Fig. 7). In September,
thermocline depths along the equator and equatorial undercurrent speeds were close to
their climatological values. It is therefore difficult to find a clear signature in the
observations as of late boreal summer 1991 that an El Nifio was underway.

3.2 Development of warm SST anomalies: September 1991 to April 1992

In late August 1991, the first of several strong Madden—Julian intraseasonal events
moved into the western Pacific, with enhanced convection and westerly winds west of the
dateline. The intraseasonal westerlies had two maxima during September, each lasting
about 10 days (these synoptic-scale signals have been called “westerly wind bursts™). The
anomalies were large in the west (-6 m s~ ' at 165°E), moderate (about 2 m s~ 1) west of
about 160°W (Fig. 3), but zonal winds at 140°W still gave no sign of the oncoming event.
The westerlies generated a downwelling equatorial Kelvin wave that propagated east from
the dateline region at about 2.4 ms ™! (Kessler et al., 1995), arriving at 110°W at the end of
October (Fig. 5).

In September, before the first Kelvin wave arrived, equatorial SST warmed nearly
simultaneously between 125°W and 155°E (Fig. 4). The zonal coherence of this signal is
emphasized by the abrupt sign change of d(SST)/dr calculated from the Reynolds and
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d(SST)/dt (°C month™!) at 0.5°N

180° —

Fig. 8. Time ratc of change of SST (°C month ') along 0.5°N, calculated from the Reynolds and
Smith (1994) satellite-based product. The contour interval is 1°C month™!, and shading indicates
warming or cooling greater than 1°C month™'. Dashed lines indicate warming signals due to
identified waves: long dashes are Kelvin waves, while short dashes are tropical instability waves.

Smith (1994) satellite SST product (note the nearly vertical zero contour of d(SST)/dt in
early September in Fig. 8). This warming occurred too early at 140°W to be due to the
Kelvin wave (also the simultaneity across 8000 km argues against a wave process), but
instead seemed to be associated with the weakening of easterly winds across the central
Pacific in September (Fig. 3; see also Section 4). The Reynolds and Smith (1994) analysis
establishes that, although eastern equatorial SST was being affected by a group of tropical
instability waves at the time the SST rise began, the primary warming signal was
independent of this wave field, as warming occurred across the eastern Pacific and thus
during all phases of the waves (Fig. 8). However, the additional presence of the instability
waves makes distinguishing among the various signals difficult, and at 140°W, their cycle
was such as to contribute to the suddenness of the initial SST rise (Fig. 9) (see Section 4.2).
The net warming east of 180° from mid-September to mid-October was between 1 and 2°C.
In September the SOI turned below —1 and began a period of sustained large negative
values (Fig. 2).

By mid-October 1991 the phase of the MJO had reversed and westerly wind anomalies
were nearly gone from the equatorial Pacific, with easterlies observed everywhere east of
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165°E (Fig. 3). Weak cooling of SST (about 0.5°C during the first two weeks of October)
occurred in the central Pacific (Fig. 9). However, the arrival in the east of the Kelvin wave
that had been generated near the dateline in September produced sharp downwelling of
the thermocline during October: 20 m at 155°W, 40 m at 140°W, and more than 50 m at
110°W (Fig. 5). The wave was associated with a short-lived pulse of anomalous eastward
current (about 40 cm s !, lasting for about two weeks) coherent from at least 100 m to the
surface, observed at 140°W (Fig. 7) and 110°W.

In mid-November 1991, convection and westerly winds returned to the western Pacific
as the second Madden—Julian intraseasonal event propagated into the region. The two-
month separation between events is typical of the Madden—Julian cycle. The November
westerlies were about twice as strong as those of September, and extended much farther
east. Westerly winds were observed to 155°W (Fig. 3), with strong westerly anomalies
(more than 10 m s7! even in the smoothed time series) west of the dateline. However,
zonal winds during December continued to be seasonally normal at 140°W, and anomal-
ously easterly at 110°W (Fig. 3). The November westerlies generated a second downwell-
ing Kelvin wave which again propagated at close to 2.4 ms ™, peaking at 110°W just at the
end of the year (Fig. 5). The amplitude of the second wave was similar to the first, with
20°Cisotherm vertical displacements of 30 m at 170°W, and 40-50 m east of 155°W. At the
peak of this wave in late December, all isotherms from 27°C to 14°C at 140°W and 110°W
were deeper than at any time since December 1982 (generally about 20 m deeper than at
the peak of the 1986-1987 event), so that, by this measure, the 1991-1992 event could be
categorized as a strong El Nifio. The second wave again produced vertically coherent 40
cm s™! pulses of eastward current at 140°W (Fig. 7) and 110°W in early and middle
December, respectively. After having been fairly constant during November, SST
between 155°W and 110°W increased about 1°C during December (Fig. 8); unlike the first
warming in late September, this rise was caused by zonal advection (discussed in Section
4.2 below) associated with the eastward pulse of current at 140°W and 110°W.

The Kelvin waves served to carry the westerly wind driven downwelling signal into the
eastern Pacific, where they resulted in lowering the thermocline and thus reducing the
zonal pressure gradient which drives the undercurrent. Thermocline depth anomalies
were larger towards the east (Fig. 5, bottom), and the zonal thermocline slope west of
140°W was near zero or reversed from mid-November 1991 until the end of March 1992.
Although the individual downwelling Kelvin waves produced brief eastward current
pulses as they passed 140°W (Fig. 7), the low-frequency change in the Equatorial
Undercurrent (EUC) during the onset period was a weakening of eastward flow (Fig. 6;
Fig. 7), as has been observed in previous events (Firing er al., 1984; Halpern, 1987,
McPhaden and Hayes, 1990). The reversed zonal pressure gradient also indicates that the
meridional geostrophic inflow towards the equator was reduced or absent at this time.

The large anomalies of temperature and dynamic height during December were mostly
confined between 5°S and 2°N (Fig. 10), so there was little effect on the NECC, which
occurs north of 4°N. Previous studies (e.g. Wyrtki, 1979; Taft and Kessler, 1991) had noted
that the central Pacific NECC increases in strength during the onset phase of El Nifio.
However, throughout the onset and peak of the 1991-1992 event, NECC core speed
between 4°N and 10°N at 140°W was very close to its climatological value (Fig. 6). On the
other hand, the raised dynamic heights spanning the equator resulted in strong eastward
geostrophic surface flow anomalies (20 cm s~ ' or more) in the region usually occupied by
the westward South Equatorial Current (SEC) (Fig. 6). This was consistent with directly
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measured near-surface flow on the equator which indicated a similar weakening of the
equatorial SEC at this time (Fig. 6). The overall result of these changes was that surface
zonal flow across 140°W was near zero between 7°S and 4°N, and close to normal between 4
and 10°N, during the peak of El Nifio from about November 1991 through February 1992
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(Fig. 6). At the same time the EUC was also notably weak. Although it is difficult to
accurately estimate total transport across 140°W, it is clear from these observations that
there was no large transport of surface water from the west Pacific past 140°W into the
eastern equatorial Pacific as part of the 1991-1992 event, as had been suggested by early
ideas about the ENSO cycle (Wyrtki, 1975, 1979, 1984). Studies of the 1986-1987 El Nifio
similarly indicate that particle displacements from the west Pacific warm pool did not
extend far into the east (McPhaden and Picaut, 1990; Picaut and Delcroix, 1995). Figure 7
(bottom) shows that at 140°W during the 1991-1992 peak there was some sloshing back
and forth at intraseasonal frequencies, but the speed and duration of these signals suggests
zonal particle motion on the order of 500 to 1000 km, not a basin-scale eastward advection.

In mid-December in the west Pacific the MJO westerlies weakened again (Fig. 3), the
thermocline began to rise (Fig. 5) and SST cooled (Fig. 4). This upwelling signal
propagated at the free Kelvin wave speed past 140°W in early January (Fig. 5). There the
thermocline shoaled rapidly back to approximately the depth observed before the
downwelling wave passage (Fig. 7). However, in early January 1992, strong westerly winds
returned to the western half of the basin in association with a third Madden-Julian event.
The anomalous winds and convection extended about 2000 km further east than did the
November episode with westerly winds observed as far east as 140°W for several days in
late January (Fig. 9), and westerly anomalies found everywhere west of 110°W (Fig. 3).
Kessler et al. (1995) associated this eastward excursion of the MJO with the penetration of
SST warmer than 28°C into the central Pacific. The central and east Pacific westerly
anomalies lasted about three weeks. The January westerly event had a similar effect on the
thermocline and zonal currents as the previous one in November: a Kelvin wave with
strong downwelling and a brief pulse of eastward zonal flow, peaking at the end of January
at 140°W and lasting about 3 to 4 weeks (Fig. 7). SST at 140°W increased about 0.5°C in
response to eastward advection during the eastward current pulse (see Section 4.2 below).
The event marked the deepest level of the central Pacific thermocline, and the subsequent
weakening of the EUC in February (to 20 cm s™! in the core) resulted in the largest
anomaly of this current during 1991-1992 at 140°W (Fig. 7).

In mid-February 1992 the westerlies which had extended to 140°W in January abruptly
disappeared, replaced by easterlies everywhere between 110°W and 155°E (Fig. 3); winds
east of 125°W were more than 2 m s~ ' anomalously easterly during February. The ocean
response to these easterly winds included strong local upwelling of the thermocline as well
as excitation of an upwelling Kelvin wave which propagated to 110°W in early March. By
this time the east Pacific thermocline was at near-normal levels, but in the west 20°C was
20-30 m anomalously shallow (Fig. 5), continuing the trend which had begun with the
December easterlies.

A fourth, weaker Madden—Julian event occurred in mid to late March 1992, with
westerly winds observed at 170°W and westerly anomalies greater than 2 m s™' between
about 170°E to 125°, a shorter zonal extent than the previous occurrences (Fig. 3). This
event again produced a downwelling Kelvin wave and eastward current pulse; these were
smaller than the earlier signals at 140°W (Fig. 7), and almost absent at 110°W. Because
there was little zonal SST gradient at this time (Fig. 4), the eastward current associated
with the wave had no effect on the surface temperature, unlike the previous two Kelvin
pulses. Early April marked the peak SST in the eastern Pacific, roughly two months after
the peak thermocline depth and zonal current anomalies (Fig. 9). At the time of maximum
warm SST anomaly at 140°W, the thermocline and undercurrent had returned nearly to
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their seasonally normal values, although the surface current was anomalously westward
(Fig. 6). A lag in which maximum SST followed deep thermocline anomalies by several
months was also seen during the 1986-1987 warm event at 140°W (McPhaden and Hayes,
1990).

3.3 End of the 1991-1992 warm event

The westerly winds at the height of the event were stronger at or slightly south of the
equator, with consequent large upwelling wind stress curl near 5°S and 5°N in the central
Pacific during January to April 1992. This positive curl was most prominent between about
150 and 180°W, and at 5°N amounted to roughly 10 m month ™' Ekman upwelling during
January to March 1992. The 20°C isotherm in fact shoaled more than 20 m at 5°N between
140°W and 170°W at this time (Fig. 10). Kessler and McPhaden (1995) showed that the
upwelling signal propagated west as a long Rossby wave, taking 3 to 4 months to reach the
western boundary and reflect as an upwelling equatorial Kelvin wave. They further showed
that by mid-1992 this reflected Kelvin wave was contributing to the reversal of the deep
thermocline which had characterized the central Pacific during the warm peak, leading to
the termination of the 1991-1992 El Nirno. This sequence of events, in which winds
associated with one phase of El Nifio create the conditions for its own destruction via the
propagation of Rossby and Kelvin waves, is described by delayed oscillator theory (Battisti,
1988; Battisti and Hirst, 1989; Suarez and Schopf, 1989; Wakata and Sarachik, 1991).

The shoaling of the central Pacific thermocline near 5°N due to wind stress curl is a
common feature of the aftermath of El Nifos. In addition to the basin-wide effects due to
wave propagation it tends to locally weaken the meridional pressure gradient associated
with the NECC, and the usual annual NECC minimum can be intensified at this time (e.g.
in 1973, 1983 and 1987) (Taft and Kesster, 1991). Consistent with these earlier events, in
April to May 1992 the NECC was reduced to a small remnant with maximum speeds less
than 10 cm s~ ! along the central Pacific XBT tracks, less than half its usual speed and
extent at this time of year (Fig. 6). This was due both to the anomalously shallow
thermocline stretching across the equator and to the deep thermocline at 9°N (Fig. 10).
The same equatorial thermocline rise that contributed to weakening of the NECC also
tended to strengthen the South Equatorial Current (SEC). As has occurred during earlier
El Ninos, the SEC spanning the equator was particularly strong beginning in April 1992
(Fig. 6), as the usual “springtime reversal” did not occur (McPhaden, 1993).

During May to June 1992, equatorial SST cooled rapidly everywhere east of the
dateline, and by July the cold tongue was well-established with SST up to 1°C colder than
seasonal normal from 110°W to 160°W (Fig. 4). North and south of the equator, surface
temperature remained up to one degree warmer than climatology, however (Fig. 10). The
equatorial cooling was similar to the initial warming in that it occurred nearly simul-
taneously across more than 8000 km of zonal distance (Fig. 8). The cooling occurred at the
same time as the large westward surface current anomalies in the SEC (Fig. 6). However,
although the SST changes appear consistent with SEC anomalies through zonal advection,
we will show in Section 4.2 below, that this process did not account for the abruptness or
large amplitude of the cooling.

The westerly wind anomalies which had dominated the eastern equatorial Pacific for the
previous six months abated by July-August 1992, although westerlies persisted west of the
dateline (Fig. 3). The equatorial thermocline rose to near-normal levels in the east but
remained about 30 to 40 m anomalously shallow west of 170°W (Fig. 5). The shallow west
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Pacific thermocline following warm events has been previously observed and is consistent
with the hypothesis that El Nifio serves the function of episodic drainage of the west Pacific
warm pool (Wyrtki, 1975; Cane, 1983), although, as we have noted, the drainage
apparently did not occur eastward across 140°W. The EUC returned to typical strength in
May at 140°W (its usual annual maximum) and continued to be strong through the rest of
1992 (Fig. 7), although the undercurrent at 110°W remained somewhat weaker than usual.

Tropical instability wave (TTW) activity has been noted to be weak during El Nino years
(e.g. 1986, 1987 and 1991) and strong during the cool-phase post-El Nifo years (1984, 1988
and 1992) (Fig. 11). Between August 1992 and February 1993, strong TIW activity was
observed along 140°W, as evident, for example, in the temperature time-series at 5°N (Fig.
12). The 1992 waves produced a high-amplitude approximately 30-day period oscillation
of the temperature profile which was out-of-phase across the upper thermocline (the phase
jump was at about 100 m and 24-25°C). Preceding the TIW period, during all of 1991 and
through July 1992 the entire thermocline between 18°C and 26°C had moved highly
coherently, with virtually no change in the vertical distance between these isotherms (light
gray area of Fig. 12). When the TIW activity began, the thermocline appeared to spread,
increasing the separation between 18°C and 26°C from about 40 m to nearly 150 m in less
than 10 days. SST at 5°N dropped about 1°C during the cold phase of the waves (Fig. 12). In
February 1993 the TIW activity stopped abruptly, and the central thermocline at 5°N
tightened and resumed a lower-frequency motion. Although the data are not sufficient to
determinc precisely the processes that caused the anomalies seen in Fig. 12, it appears that
meridional advection of the upper occan thermal ficld by a depth-coherent meridional
velocity would produce such fluctuations measured at a fixed point; these temperature
changes at the 5°N buoy do not necessarily imply large changes in the vertical thermal
structurc in a Lagrangian sense (McPhaden, 1995). Figure 10 shows that 20°C depth
fluctuations associated with the 1992 series of TIW were most prominent at 5°N, but their
SST signature was observed south at feast to the equator: also the equatorial zonal current
was affected with pulses of zonal flow oscillating at 20 to 30 day periods (Fig. 9, bottom).
Figure 8 shows that the TIW SST signal extended from near the South American coast at
about 85°W to about 160°W during late 1992,

3.4 The return of warm conditions in early 1993

Many of the quantities observed in late 1992 showed variability typical of the aftermath
of awarm event. The cool SST anomalies in the equatorial east and central Pacific (Fig. 4).
the shallow west Pacific thermocline (Fig. 7). and the return of the SOI to values close to
zero (Fig. 2) all suggested that cool conditions would continue for at least a year, as has
been the case for other modern El Nirios. However, SST remained about 1°C anomalously
warm near 165°E (Fig. 4), and in boreal fall-winter 1993 a series of Madden—Julian
convective events continued to bring westerly winds to the warm SST region west of the
dateline (Fig. 3). These westerlies produced downwelling Kelvin waves similar to,
although weaker than, a year previously (Fig. 5). During the first five months of 1993,
westerly winds were nearly continuous west of 180°, punctuated at intervals of 30 to 60 days
by stronger westerly episodes (Fig. 3). In March and April 1993, SST at 140°W rose about
2°C to more than 1°C above the usual seasonal maximum {Fig. 9), and similar anomalies
stretched from 180° to at least 95°W. At the peak of anomalously warm SSTs, the SOI
stood at slightly less than —1 (Fig. 2) and westerly wind anomalies also were observed far
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Fig. 12. Temperature at the 5°N, 140°W buoy during 1991 through to June 1993, smoothed with a

17-day triangle filter. Contours are every 4°C from 14°C to 26°C. then at 27.5°C and 28.5°C. Light

gray shading indicates the thermocline between 18°C and 26°C. and dark gray shading indicates
temperatures colder than 14°C and warmer than 27.5°C.

to the east, with near-zero zonal winds extending east to 0°, 125°E in early April (Fig. 3).
By June this second warm event appeared to end as equatorial SST east of the dateline
dropped to slightly below normal, and remained near normal for the rest of the year.

4. PROCESSES OF SST VARIABILITY

In this section we consider processes that may be of importance in affecting SST at 0°,
140°W during the 1991-1993 El Nifio. The near-surface temperature balance is given by
£+L45’—T+v(f—T+w£:Lg 3)
ot ax ay 0z pC, 0z
where u. v, w are zonal, meridional and vertical velocity components, and x, y, z, ¢ are
longitude, latitude, depth and time, respectively. T is temperature, Q is the vertical heat
flux, pis the density of seawater and C, (= 4000 J kg~ 'K~ ')is the heat capacity of seawater
at constant pressure. Moored time series allow for explicit determination of the time rate
of change of temperature, large-scale horizontal and vertical temperature gradients, and
horizontal velocities. Also, solutions to equation (3) require a surface heat-flux boundary
condition that can be estimated as Q = Qgy — O, w — Q; — Qs (the sign convention here is
that positive Q indicates a warming influence on the ocean), where bulk formulae (Section
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2.1) are used to estimate latent (Q, ), sensible (Qy) and longwave (Q; ) heat fluxes, and
solar irradiance is estimated from directly measured shortwave (SW) radiation. Finally,
although we cannot estimate vertical velocity explicitly, we devise a model that represents
the effects of vertical advection in terms of explicitly measured changesin thermocline depth
andlocal wind variations in order to test the idea that SST and thermocline depth are related
in a simple fashion (McCreary, 1983; Zebiak and Cane, 1987; Battisti, 1988; Chang, 1994).

The 0°, 140°W buoy is one of the few locations where many of the quantities related to heat
flux have been measured for a significant fraction of the 1991-1993 period. Even so, not all
the records needed to test equation (3) spanned the complete time period of interest.
Therefore, in this section we examine three different partial balances derived from equation
(3), which optimizes the data needed to study subsets of the processes affecting SST
variability.

The first balance assumes that the rate of change of SST is balanced by the net local heat
flux across the ocean surface, that is

dssT) _ ©Q

4
dr pcphmix ( )

where equation (3) has been integrated vertically from the surface to the bottom of the
mixed layer at depth z = —h;,. In this equation, advective terms have been ignored and it
hasbeen assumed that heat diffusion across the base of the mixed layeris negligible. There is
adegree of arbitrariness in defining 4,,;,, which is inescapable in formulating equation (4).
However, for our purpose we define /,,;, as the depth at which the temperature is 0.5°C less
than the SST. as was done by Hayes et al. (1991b) in a study of the mixed layer temperature
balance at0°, 110°W. Of course, this crude definition of 4,,;, does not represent a true mixed
layer. but is simply a convenient approximation since we do not have concurrent salinity
observations. During the 1991-1993 period, A,,;, at 140°W defined in this fashion varied
between about 110 m at the peak of deep thermocline anomalies in December 1991 to about
20 m in mid-1992, and averaged about 50 m. Despite the large fluctuations of A, the
conclusions we will draw from equation (4) are not particularly sensitive to the definition
used. and similar results would have been obtained by using the mean value. Hayes et al.
(1991b) also found a similar insensitivity to the form of 4, in this kind of calculation.
The second balance is between horizontal advection and rate of SST change

d(SST) — d(SST) y d(SST)
ot ox ay

®)

where we assume surface currents are identical to those measured at the shallowest depth
(10m) from the moored ADCP. Test calculations using the Reynolds and Smith (1994) SST
dataset, which has 1° longitude resolution, showed that the calculation of d7/dx was
relatively insensitive to the spacing of the zonal derivative, so our estimate of the zonal
advection term from the moored time series should be reliable.

In contrast, neither the TAO buoys, spaced 2-3° of latitude apart, nor the satellite
blended product (with values binned every 1° latitude. on the 0.5°) resolve the very sharp
SST front usually found just north of the equator, which often exhibits a 3°C temperature
changeinlessthan S0km (Pulleneral., 1987). Thus, calculation of the meridional advection
term va(SST)/oy at the equator can be very sensitive to how the derivative of
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temperature is taken. For example, if centered differencing is done symmetrically about
the equator, then 9(SST)/dy is nearly always close to zero (e.g. Fig. 10); however, if
upstream differencing is performed, then 9(SST)/dy most of the time has the opposite sign
as the meridional current. For upstream differencing, the term vo(SST)/dy is therefore
nearly always found to be strongly negative, regardless of the sign of the current, which
reflects the generally equatorward eddy heat flux associated with the tropical instability
waves (e.g. Hansen and Paul, 1984). In order to get the finest possible resolution of the
meridional temperature gradient, we use 1° latitude upstream differencing based on the
Reynolds and Smith (1994) satellite product in our estimation of the meridional advection
term.

The third balance we examine is an attempt to parameterize upwelling-induced SST
changes, which is the most difficult mechanism to evaluate quantitatively. A simple
conceptual model of the vertical advection effect on SST might be that upwelling speed
itself is proportional to the local wind stress through Ekman divergence, but the efficiency
of upwelling to produce SST variations is controlled by the thermocline depth. If the upper
layer is very deep, then even strong upwelling might not affect the SST; on the other hand
if the thermocline is shallow, then even small wind signals could generate enough
upwelling to be effective in cooling the surface. This is similar in spirit to parameterizations
used in numerical models of the cold tongue region (e.g. Battisti, 1988). A simple
functional form which expresses this kind of relationship is that SST is proportional to the
ratio of zonal wind stress to thermocline depth, i.e.

Tt

SST=A4 7 + T, (6)
where A has units equivalent to depth divided by heat capacity, Z23 is the depth of the
23°C isotherm. and 7" is the zonal wind stress divided by the density of seawater. Test
calculations showed that similar results were obtained using any isotherm between about
15°C and 23°C, with some improvement in correlation for the shallower isotherms; we
chose 23°C to represent a temperature level near the top of the thermocline but which
rarely surfaces (Fig. 7). In equation (6), time series of SST, 7% and Z23 are known from the
buoy observations, and the constants A and T, can then be found by regression.

An important feature of the hypothesis (6) is the mixture of local wind forcing and the
effects of remote winds which largely determine thermocline depth in the eastern
equatorial Pacific. We do not expect this balance to hold on short timescales [note that
there is no time derivative in equation (6)], but imagine that over periods of a month or
longer mixing could have brought SST into equilibrium with prevailing conditions of wind
stress and thermocline depth. Chang (1993), in an investigation of the seasonal cycle of the
heat balance in the tropical Pacific mixed layer, found that SST could be approximately in
phase with upwelling-driven vertical entrainment in the eastern equatorial Pacific where
the thermocline is shallow and mixing is intense, consistent with the simple model
presented here. On the other hand, he found that in most of the world ocean the balance
was between net heating and the time rate of change of mixed layer temperature (Chang,
1993), so the balance (6) should not be thought of as generally applicable.

To review the chronology of SST change at 0°, 140°W, Fig. 9 shows the time history and
Fig. 13 (bottom) the time derivative of SST measured at the mooring site. There were four
principal warming events during the onset phase from 1991 to early 1992: in late
September and early December 1991, and in late January and mid-March 1992. The first
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Fig. 13.  Air-sea flux quantities at 0°, 140°W during 1991 through to June 1993. In each case the
solid line gives the measured value at the buoy, and the short dashed line is the climatology (sce
text). Tendencies for ocean warming are shown as positive flux values and drawn up on the figure.
All the flux quantities are plotted at the same scale. Top: insolation; second: cloud cover fraction
(overlaid dashed line is satellite-derived outgoing longwave radiation, with its climatology in short
dashes); third: sensible heat flux; fourth: latent heat flux; fifth: longwave back radiation; sixth: net
flux (sum of insolation minus the sensible, latent and longwave fluxes); bottom: d(SST)/ds (°C
month ™). The right axis of the bottom plot shows the SST tendency scaled by pC,h to show units of
heat flux (W m ~2) according to equation (4) (see text).

pCyh dT/dt (W m™2)
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Table 1. Surface layer heat-flux summary statistics at 0°, 140°W. Mean and RMS
amplitude of the annual cycle and interannual variability

Flux term Mean Annual cycle RMS  Interannual RMS
Shortwave radiation 260.6 13.6 29.6
Latent heat flux —99.2 14.1 30.3
Sensible heat flux -3.5 1.0 2.5
Longwave radiation -53.7 2.6 9.0

Net air-sea flux 104.2 21.7 49.0
Zonal advection -1.2 18.1 16.9
Meridional advection 68.7 8.3 379
Upwelling ~—170 ~30 ~60
PCphmix d(SST)/dt 0 21.8 27.0

All quantities are in units of W m™2, and mean values of all quantities are shown
positive for a warming tendency in the ocean. The top five variables are the air-sea
heat fluxes, calculated from the buoy observations using definitions (1). The mean
and annual cycles of these are found from the climatologies discussed in Section 2.1.
Interannual RMS of the air—sea fluxes is found from the difference between the
climatologies and observations shown in Fig. 13. Note that these anomalies are for
relatively short periods.

Heat fluxes due to zonal and meridional advection are found from the time series
shown in Fig. 15, integrated over an upper layer of 50 m depth. The mean and annual
cycles are for the period July 1986 through July 1993. Interannual anomalies are for
the period January 1991 through July 1993.

Heat fluxes due to upwelling are estimated from the parameterization (6), with the
additional assumptions in equations (7) and (8). Equation (8) was integrated over an
upper layer of 50 m depth, with a calculated using y, = 3° latitude. These values are
uncertain to at least a factor of two (see text).

The bottom line gives the amplitude of the total heat flux needed to produce the
observed SST variability during the period July 1986 through July 1993, again
assuming processes acting over a 50 m thick surface layer.

warming event was the largest, accounting for a nearly 2°C rise in about 20 days at 140°W,
and Fig. 4 shows that the warming happened simultaneously between 110°W and 155°E.
Peak SST was reached at the end of the series of warmings in March 1992, and very rapid
cooling occurred during May-July 1992, again simultaneously across the entire zonal
extent of the buoy region, so that by late July 1992 SST at 140°W was cooler than at any
time since the 1988 extreme cold event. We now seek to identify potential mechanisms for
these large fluctuations using equations (4), (5) and (6). Some of these results are
summarized in Table 1, which gives the mean and the RMS magnitude of the average
annual cycle and interannual variability of the surface layer heat balance terms. It should
be kept in mind that the time periods during which the various terms could be studied were
quite disparate, so that caution should be exercised when comparing relative interannual
RMS magnitudes in Table 1.

4.1 Air-sea heat fluxes

Local air-sea flux quantities that enter into balance (4) at 140°W are shown in Fig. 13.
Data in Table 1 show that the shortwave and latent heat fluxes were larger both in the
mean and their annual and interannual variations than the other air-sea terms. Variations
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of these fluxes at 140°W during the 1991-1992 event were associated with changes in wind
speed, cloudiness and SST. The large insolation changes were due to increases in cloudiness
as the Madden—Julian convection events penetrated to this region, and insolation is seen to
vary at the MJO 60-day period (Fig. 13). Latent heat flux (LHF) fluctuations on timescales
of less than about 90 days were largely due to changes in wind speed (weaker flux out of the
ocean during lowwinds), butitslow-frequency variability was primarily correlated with SST
(higher flux at higher SST), as noted by Zhang and McPhaden (1995). The two largest LHF
cooling events, in December and January of 1991 and 1992 and in February to March 1992
were due to strong easterly winds blowing over very warm SST (Figs 3 and 4). Sensible heat
flux variations were insignificant compared to the other terms (Fig. 13; Table 1). The
longwave flux out of the ocean was also relatively small (Fig. 13), and its variations were
mainly due to increases in cloudiness reducing net longwave heat loss. Total flux variability
was thus approximately the sum of the insolation and the latent heat flux (Fig. 13; Table 1).
Unfortunately the radiometer at 140°W was first deployed in November 1991, so there are
no direct in situ short wave flux measurements during the onset of warming earlier in 1991,
and lacking this term it is not possible to calculate net flux from the observations for the
entire 1991-1993 time period. However, we can infer that the insolation was probably near
climatology during this time because the outgoing longwave radiation, which is a good
indicator of cloudiness (the correlation between OLR and cloud fraction at 140°W was
0.95), was near normal until November 1991 (Fig. 13). These results suggest that netsurface
flux deviations during the initial SST warming in September to October 1991 were primarily
due to anomalies of latent heat flux.

During the period when the total net flux can be calculated from the buoy observations,
the SST tendency due to air—sea fluxes was anomalous cooling from November 1991 until
April 1992, and anomalous warming from May to August 1992. The cooling tendency was
associated both with the reduction in insolation due to increased cloudiness and the two
large latentheat-flux events (Fig. 13); the net heat-flux anomaly amounted to about 80to 120
W m™?. According to equation (4), this anomalous flux would have produced about 1 to
1.5°C month ™' cooling relative to climatology, if no other processes were at work. The total
cooling would have been about4°Cbetween November 1991 and April 1992. However, SST
in fact warmed about 0.5°C relative to climatology during this period, so the air—sea flux
tendency was of the wrong sign to produce the observed SST changes.

In May 1992 the air-sea flux tendency changed sign, and during the next four months the
net flux represented an anomalous warming tendency of about 40 to 60 W m~* (Fig. 13).
Since the mixed layer, A,;,, was quite shallow at this time (Fig. 7), the effect on SST as
hindcast by equation (4) was relatively large, amounting to up to 1°C month ', and the time
integrated SST change due to this warming tendency would have been as large as 4°C.
However, duringthis period observed SST fell more than 3°C, so, asin the earlier period, the
actual SST change was opposite to that expected from the air-sea flux tendency.

If the inference made above, that cloudiness and insolation were near-normal during
mid-1991, is correct, then anomalies of air-sea flux were due largely to the latent heat flux
at that time. LHF was observed to be smaller than climatology by about 20 to 50 W m 2
before October 1991, representing an anomalous heat gain for the ocean (Fig. 13). This
anomalous warming tendency was due to the abrupt weakening of zonal winds in mid-
September (Fig. 9, top) reducing evaporative cooling. Thus the LHF was of the right sign
to have played a role in the initial SST warming in September 1991, when it peaked at
about 50 W m ™2 above climatology. However, according to equation (4), if latent heat flux
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Terms of the near—surface temperature balance at 0°, 140°W
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were the primary control on SST, the September LHF anomaly would have corresponded
to about a (.7°C upper layer temperature increase. This increase was only one-third that
observed, suggesting that other oceanic processes must have been important. Figure 14(a)
compares the time rate of change of SST with the LHF effect according to equation (4)
(Q1/pCphnix). The LHF term was small except during mid-September 1991, when it
appears to have contributed to the initial SST warming, and during May and June 1992,
when it became large due to the very shallow mixed layer (as suggested by Fig. 7), but was
of the opposite sign as the observed cooling. There was some degree of correlation
between SST change and latent heat flux variations during January and March 1992, but it



322 W. S. Kessler and M. J. McPhaden
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Terms of the horizontal temperature advection balance at 0°, 140°W. In each panel the

solid linc is aSST/o¢, the dashed line is —udSST/dx, and the dash-dot line is —vaSST/dy. Top: the

average annual cycle for 1986-1993. repeated for the 24 years January 1991 to June 1993; bottom:
interannual anomalies. All curves are drawn so that up on the plot indicates warming of the occan.

is not clear whether this reflects a heat-flux effect on the ocean or simply coincident
variability associated with the simultaneous passage of Madden—Julian signals in the
atmosphere and ocean. In any case the magnitude of the LHF signals during this period
was too small by a factor of four or more to have been the major factor in SST variations at
this time.

With the exception of the September 1991 warming, the overall conclusion is that none
of the local air-sea exchange processes could have been the primary mechanism of SST
change during the El Nifio; in fact during most of this period these fluxes either opposed
the observed changes or were too small to be principal factors. This result is consistent with
previous empirical analyses (e.g. Reed. 1986; Liu and Gautier, 1990) and modeling studies
(Seagar et al., 1988), which indicate ocean dynamics as the principal generating mechan-
ism for ENSO SST anomalies, with surface heat fluxes acting as a negative feedback on
their growth in the cold tongue region.

4.2 Horizontal advection of SST

Figure 15 shows the average annual cycle (computed for the period 1986-1993) and
interannual anomalies of the terms of equation (5) during 1991 to mid-1993. The average
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annual cycle shown includes the long-term mean, which is about —0.27°C month™' for
—ud(SST)/ox and +0.88°C month ™' for —va(SST)/dy [means of the advective terms are
reported with signs as in equation (5), so that positive values represent warming tendencies
for the ocean]. The negative value for the zonal advective term reflects the mean westward
South Equatorial Current at the surface and the negative zonal SST gradient. However,
when integrated over an upper layer of 50 m thickness, the mean heat flux due to zonal
advection is small (about ~1 W m % Table 1) since the mean zonal current is strongly
sheared and becomes eastward below about 40 m depth. The value of heat flux computed
thus depends strongly on the chosen depth of the surface “mixed” layer, so caution should
be used in comparing the mean value of zonal advective heat flux reported in Table 1 with
others quoted in the literature. For example, Enfield (1986) found a mean zonal advective
flux of about —19 W m™>, over the latitude range 5°S to 5°N, with most of this flux
occurring in the SEC off the equator, where the vertical shear is much smaller. On the
other hand, annual and interannual variations of central tropical Pacific zonal current tend
to be vertically coherent over at least the upper 100 m (e.g. Fig. 7), so our estimates of the
variability of zonal advective fluxes appear reasonably robust. Similarly, there was little
shear found in the meridional velocity, either in the mean or the variability. The mean
negative value for meridional advection is consistent with the net equatorward eddy heat
flux associated with tropical instability waves (Hansen and Paul, 1984), and the mean
meridional advective heat flux during 1986-1993 was about +69 W m 2. Enfield (1986)
found the meridional advective heat flux to be about ~58 W m ™2, based on his 5°S to 5°N
regions; as he noted, this value includes the cooling effect of advecting upwelled water
from the equator into the near-equatorial region, whereas our calculation (see the
introduction to Section 4) is based on meridional derivatives taken within 1.5° of the
equator. The annual amplitudes of 9(SST)/ar and ud(SST)/ax are about 0.25°C month™",
and they are nearly in quadrature, with maximum actual warming of SST in February, but
maximum zonal advective warming in May (Fig. 14). The annual amplitude of va(SST)/dy
is about 0.11°C month ™', and is nearly out of phase with observed SST warming. Thus the
annual cycle of horizontal advection clearly does not account for the annual variation of
SST.

The interannual anomalies shown in Fig. 15 were defined as the deviations from the
average annual cycle, low-pass filtered with a half-power point at about 145 days. The
RMS amplitude of interannual zonal advection, integrated over the upper 50 m, was about
17 W m 2, and for meridional advection the corresponding value was about 38 W m ™~
(Table 1). The interannual anomalies of 3(SST)/dr show the rapid rise of SST in September
1991, roughly four months before the usual annual warming, then strong cooling in mid-
year 1992, approximately at the time that the usual annual strengthening of the cold tongue
occurs in the average year (Fig. 15). Interannual zonal advective warming occurred about
two months later than the observed warming, and was associated with the equatorial
castward surface current anomalies that peaked at the height of the event (Fig. 6).
Interannual zonal advective cooling lasted throughout 1992 as the South Equatorial
Current returned strongly at that time (Fig. 6). We note that during the 1991-1992 event,
interannual variations of ud(SST)/ox at 140°W were more strongly influenced by fluctu-
ations of zonal current, rather than of zonal temperature gradient, i.e. ud(SST)/ox =
ud(SST)/ox, where the overbar denotes the time mean.

Interannual anomalies of meridional SST advection were large during the 1991-1992
event, and comprised a brief anomalous warming at the start of El Nifio in September
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1991, then strongly anomalous cooling during the height of the event, followed by
warming anomalies in mid-year 1992 (Fig. 15). Except for the initial warming, vo(SST)/
dy could not have been responsible for the low-frequency variations of SST at 140°W
during the El Nino, since its anomalies were opposite to what occurred in SST. Low-
frequency variations of both meridional current and SST gradient were important in
determining fluctuations of va(SST)/9y at 140°W during this period. The anomalous
cooling tendency during the height of the event between November 1991 and April 1992
was due both to relatively weak meridional currents and to weak meridional SST gradients
associated with a weakened cold tongue (Fig. 10). Note that the cooling anomalies
cancelled the mean va(SST)/dy, so the total term was very close to zero during this period
(Fig. 15). The warming anomalies of mid-1992 were associated both with recovery of the
cold tongue (hence increased meridional SST gradient) and an increase in meridional
current variations related to instability waves (Fig. 11).

To examine the influence of horizontal advection on the rapid SST changes of the event,
Figs 14(b) and (c) show the terms of the horizontal advective balance (5) during the onset
and height of the El Nifo of 1991-1992, lightly smoothed with half-power at about six days.
On short timescales the zonal advective term shows the strong influence of intraseasonal
Kelvin waves. The initial large warming event in September 1991 apparently was not
associated with zonal advection [Fig. 14(b)]. However, during the 4-month period from
late October 1991 until late February 1992 there was close agreement between the effects
of zonal advection and the observed change in SST [Fig. 14(b)], indicating that this was the
dominant process of the second and third warming events and intervening coolings. Figure
9 shows that these warmings occurred while the thermocline was deepening as a result of
the intraseasonal Kelvin waves associated with eastward current pulses (Fig. 7). Similarly
the smaller cooling events of SST between the peaks [Fig. 14(b)] are consistent with the
Kelvin wave advection mechanism during this period. These results agree with the
conclusions of Johnson and McPhaden (1993), who found that intraseasonal Kelvin wave
advection produced SST changes of similar magnitude during the 1986-1987 El Nino.
Kessler er al. (1995) have suggested that such Kelvin wave induced advective warmings
could be part of a coupled interaction associated with the advance of westerly winds and
warm SST across the basin.

The final episode of SST warming in late March 1992 occurred simultaneously with
passage of the fourth Kelvin wave. However, since there was almost no zonal temperature
gradient at this time the eastward current pulse associated with the wave had no apparent
effect on SST at 140°W. The rapid cooling in June 1992 also seemed to have little
connection with intraseasonal Kelvin wave related zonal advection, since the zonal current
at the surface was weak at this time (Fig. 7). We conclude that zonal advection associated
with intraseasonal Kelvin waves was the dominant mechanism affecting SST for the
warming pulses observed during November 1991 to February 1992, but the initial, largest
warming in September 1991, and the rapidity of the SST cooling in May to June 1992
cannot be accounted for by zonal advection.

In contrast to the zonal advective term, meridional advection was a large influence on
SST at 140°W for a brief period during the initial warming in September 1991, but then
remained very close to zero during the rest of the warm event of 1991-1992 [Fig. 14(c)].
The initial warming at 140°W was accentuated by the passage of a tropical instability
wave (Fig. 8), which produced an abrupt rise of SST peaking just at the beginning of
October 1991 (Fig. 9). Figures 8 and 4 suggest that the tropical instability waves which
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occurred just as the general warming was beginning were superimposed on the zonally-
coherent signal, and it is difficult to disassemble the multiple processes affecting SST at
that time. We note that the SST rise occurred essentially simultaneously across a very
broad range of longitudes (Fig. 8), including locations experiencing all phases of the
tropical instability waves. Thus, even though at 140°W meridional advection associated
with wave passage appears as a large component of the observed SST rise in late
September 1991 [Fig. 14(c)], these waves cannot be taken as the cause of the general
warming in the eastern and central Pacific.

4.3 Upwelling

Figure 16 shows the observed terms of the balance (6) at 0°, 140°W, with the constants A
(= 4.568 x 10°°C m ™' s%) and T, (= 29.3°C) found by linear least squares regression
between the observed SST and the ratio 7%/Z23. The time series used to compute the
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terms of equation (6) were low-pass filtered with a half-power point of 145 days, consistent
with our assumption of a nearly steady balance (test calculations with unfiltered data gave
worse agreement). Over nine years, 1985 to 1993, the correlation between observed and
modeled SST was 0.80. Similar high levels of correlation between this parameterization
and observed SST were found everywhere between 110°W and 170°W. Much of the
discrepancy occurred during the La Nina cold event of 1988, when equation (6) would have
predicted a rapid recovery to normal SST; but in fact cold SST anomalies remained in place
for at least a year after the thermocline had deepened to normal levels (Fig. 16). During
1991-1993 the correlation between SST and 7*/Z23 was 0.90. The lower panel of Fig. 16
shows the two components of the hypothesized mechanism, 7* and Z23. These two
quantities were uncorrelated with each other (r = —0.09), and either alone was partially
correlated with SST at about r = 0.5. Neither factor is dominant all the time; rather, when
the thermocline is deep local wind variations are paramount, but when the thermocline is
shallow fluctuations of Z23 tend to be more important. A similar result also has been found
in the context of model simulations (Battisti, 1988; Barnett et al., 1991). Thus, we infer
that the effects of upwelling on SST depend both on the strength of local Ekman
divergence and on thermocline depth variations that are remotely forced by the large scale
winds.

The close agreement shown in Fig. 16 suggests that reduction in upwelling efficiency was
a major element of the initial rise of SST at the onset of the warm event in August—
September 1991. This was associated primarily with the large increase in thermocline
depth but also with the decrease in local zonal wind stress at that time (Fig. 16, bottom).
Similarly, the sharp 3°C cooling of SST in May-June 1992, which we have shown cannot be
accounted for by any other process, seems to have been driven by the increasing zonal
winds working on the shallow thermocline at the close of the warm event (Fig. 16). Note
that the thermocline at 140°W had returned to quite shallow levels by March 1992, before
the SST began to cool (Fig. 9), and this apparently created conditions such that when
easterlies began to re-establish themselves in late boreal spring 1992 the SST could cool
quickly by upwelling. Kessler and McPhaden (1995) showed that this shoaling of the
thermocline was associated with reflection at the western boundary of the upwelling
Rossby wave generated by the westerly winds at the height of the event. Thus the rapid
cooling at 140°W in May-June 1992 was part of the basin-scale sequence of events that
terminated the ElNino, although the cooling itself depended on locally-driven upwelling.

The value found for the fitted parameter T, (29.3°C) gives the temperature that the
model (6) would approach in the limit of zero wind or extremely deep thermocline; this
value is roughly consistent with maximum observed SSTs. The value found above for the
parameter A can be used to estimate a timescale for this process as follows. First, a crude
estimate of the mean upwelling velocity w across the equatorial band can be made by
assuming that the zonal wind is constant over the band and that w is equal to the divergence
of meridional Ekman transport across the band. If +y,, is the latitude range over which
equatorial upwelling occurs, then

Avg =2ty —1°

W =l =

Ay 2Vu Byu

where v is the meridional Ekman transport per unit width and the Coriolis parameter f
has been taken to be By. Equation (7) suggests that the vertical velocity is roughly a few
meters per day, consistent with estimates in the literature (e.g. Wyrtki, 1981; Wyrtki and

(7
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Eldin, 1982; Bryden and Brady, 1985; Halpern, 1987; Halpern and Freitag, 1987). Then, if

mean d7/dz can be approximated as (SST — 23°C)/Z23, which is about 3°C/Z23 (for mean

SST of 26.06°C at 0°, 140°W), we have, using parameterization (6) for the /223 ratio
,dT~ _TX 3 - SST_ T() 3

dz  By2 723 A Py,

= — a(SST — T) (8)

where we have defined a = 3/A8y;, (units time ') to collect the non-temperature terms.
Equation (8) suggests that a ' is a time scale for upwelling-induced SST changes, given the
low-frequency parameterization (6) and approximations in (7) and (8). Note that both 7*
and Z23 cancel with these assumptions, and « is a function of the fitted parameter A, the
constant 3, the temperature difference between the surface and thermocline, and the
unknown width of the upwelling region y,. The quadratic dependence of a on y, means
that estimation of an upwelling time scale for SST is quite sensitive to the assumed
latitudinal range over which upwelling affects SST, with faster time scale for a narrower
band of latitude. For y,, of 2 to 4° latitude (based on the observed width of the cold tongue
in the central equatorial Pacific), the range of time scales would be approximately 20 to 80
days, consistent with our assumption of a quasi-steady balance at the 145-day smoothing
used in Fig. 16.

Equations (6), (7) and (8) allow one to estimate cooling rates due to upwelling. For
examples, given the mean SST at 0°, 140°W, and taking y, to be 3° latitude, equation (8)
results in a mean cooling due to upwelling of —2.2°C month ™!, about twice as large as the
mean warming due to meridional advection (Fig. 15). A crude estimate of the heat flux due
to upwelling also can be made by integrating the right side of equation (8) over an upper
layer of 50 m, assuming the terms are constant in depth. This gives a mean heat flux of
about —170 W m™?, almost exactly balancing the residual of the other heat flux terms
(171.7 W m~%; Table 1). The agreement is fortuitous, given the crudeness of the estimate
of vertical velocity in equation (7), the estimate of d7/dz in equation (8), and the somewhat
arbitrary choice of 50 m for the upper layer in the flux integration; these produce an
uncertainty in the heat flux of at least a factor of two. Similarly, the corresponding
estimates of the annual and interannual RMS upwelling heat fluxes (Table 1) are difficult
to determine accurately because an additional uncertainty is introduced by the choice of
averaging period; inclusion of the 1988 cold event changes these magnitudes considerably
(Fig. 16). Comparison to upwelling heat flux estimates discussed in the literature is not
straightforward because of the distinct assumptions used in earlier studies. Wyrtki (1981)
made an argument similar to equation (7) to get w, then multiplied his estimate of
upwelling rate by a presumed temperature difference of 4°C between the upwelled water
and SST. This suggested an upwelling heat flux of about —8.4 x 10'* W in the region 5°S to
5°N, 100°W to 170°E, or about —74 W m™ . Wyrtki’s estimate is similarly sensitive to the
width of the region as is equation (7); our mean heat flux would be reduced to a
comparable value of about —65 W m ™~ if we had used the width y, = 5° (which, however,
we believe is too wide a definition for the upwelling region). Bryden and Brady (1985)
constructed a detailed mass and heat budget for the eastern equatorial Pacific using
estimated geostrophic and wind-driven flows across the zonal and meridional boundaries of
their region. They showed that part of the upward vertical velocity along the equator simply
reflects the zonal tilt of the thermocline, and that the part of the flow whichis along-isopycnal
does not act to change SST. The cross-isopycnal flow was estimated to be about one-third
of the total vertical transport. in a narrow upwelling region only 1.5° wide. Although



328 W. S. Kessler and M. J. McPhaden

they did not cite an estimate of upwelling heat flux, the value implied by their findings is
about =75 W m™?.

Our estimate of mean heat flux, like Wyrtki's, does not consider the distinction between
cross and along-isopycnal flow, and thus is likely to be an overestimate. We emphasize that
for this reason, as well as the various uncertainties we have detailed above, the mean
upwelling heat flux can only be crudely represented from equations (6), (7) and (8). It
nevertheless has been useful to examine the implications of the regression fit in equation
(6) to show that the results are consistent (within the large error bounds) with previous
studies using different data sets and assumptions. Of course, these uncertainties in our
estimate of the mean heat flux do not in any way negate the success of the parameterization
(6) itself, for which the wind stress—thermocline depth ratio is an excellent predictor of SST
variability.

5. SUMMARY AND CONCLUSIONS

The oceanic and surface wind anomalies of the 1991-1993 El Nino were observed better
than during any previous warm event. The highly-resolved temporal sampling showed that
the interannual variations were composed of a series of higher-frequency events, promi-
nently at the 60-day Madden—Julian timescale. Westerly winds and convection oscillating
at this frequency, which are usually confined west of the dateline, penetrated into the
central Pacific in concert with warm SST, and generated large-amplitude downwelling
equatorial Kelvin waves which carried this signal to the eastern part of the ocean. At
140°W the downwelling phase of the waves lowered the thermocline to 40 to 50 m each
time, often very rapidly; for example, in late January 1992 the 20°C isotherm at 140°W
dropped more than 50 m over 5 days. Such rapid oscillations might pose a problem in the
interpretation of shipboard surveys. Although the oceanic Kelvin wave speed is about 2.5
ms !, and these fast signals are clearly visible in the time series, the 6 to 8 month envelope
of deep thermocline anomalies moved eastward at a much slower speed of about 60cms ™",
during both the 1991-1992 and 1993 warm events (Fig. 5).

It was not until September 1991 that the observations could be interpreted unambigu-
ously as the onset of El Nifio, and we are unable to point to specific precursors that could
have been used to foretell the oncoming event. However, it is likely that precursors did
exist in the tropical Pacific as early as nine months before the onset, since forecast models
(Zebiak and Cane, 1987) correctly predicted both the non-occurrence of El Nifio in 1990
and the actual onset in September 1991 (prediction issued in January 1991; Climate
Analysis Center, 1991). Unfortunately, the present state of knowledge does not yet allow
these precursors to be selected out of the mixture of signals observed. It also should be
noted that the same model did not forecast the return of warm conditions in 1993, so it is
clear that our understanding of the conditions that produce interannual variability in the
tropical Pacific remains imperfect.

Westerly wind anomalies spread eastward across the Pacific and grew in intensity during
late 1991, flattening of the large-scale zonal thermocline slope along the equator by the
early months of 1992. During the peak of the event the Equatorial Undercurrent at 140°W
weakened (reducing the core speed from about 100 cm s~ ! to about 20 cm s™'), as has
occurred in previous El Nifnos. On the other hand, no major changes in the North
Equatorial Countercurrent were found during the event peak in late 1991 to early 1992,
unlike earlier El Nifios which were characterized by large increases in the NECC at this
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phase. The South Equatorial Current weakened across its entire domain at 140°W (from
about 7°S to 4°N), with speeds reduced to close to zero during November 1991 through
February 1992. We conclude that no large eastward transport of surface water past 140°W
took place, either in the SEC or the NECC, and the divergence responsible for shoaling of
the west Pacific thermocline must have been accomplished principally through meridional
flow in the region west of 140°W.

As the warm event ended in mid-1992, the EUC returned to near-normal speeds, while
westward flow in the SEC increased strongly above climatology; the usual “springtime
reversal” of the SEC did not take place. This westward surge was similar to zonal flow
changes reported during earlier events. The equatorial cold tongue returned, with cold
SST anomalies of about 1°C, east of about 160°W. However, the off-equatorial eastern
Pacific and the western equatorial Pacific remained anomalously warm. Typical of
previous events, the aftermath of the 1991-1992 El Nifo left the west Pacific thermocline
anomalously shallow. Strong tropical instability wave activity was observed north of the
equator in the central Pacific during August 1992 to January 1993.

The relative phasing of anomalous thermocline, equatorial undercurrent and SST
variations was similar to that seen during the onset of the 1986-1987 El Nifio (McPhaden
and Hayes, 1990), with peak downwelling anomalies in December to January, peak
undercurrent weakening a month later, and warmest SST several months after that.
However, the earlier event was followed by a strong cold (La Nifia) period, whereas the
1991-1992 El Nifio was not. Uniquely among modern El Nifios, in boreal Spring 1993 a
second warm event occurred, with temperatures greater than 28°C again extending east to
110°W. This event was particularly surprising since the west Pacific thermocline remained
anomalously shallow leading up to the warming, contrary to a frequently-voiced theory
which postulates that El Nifio events follow a “buildup” of a thick warm layer in the west
(Wyrtki, 1975). Kessler and McPhaden (1995) have noted that during the previous six
months a series of Madden-Julian events had brought westerly wind events extending to
about the dateline (Fig. 3), and they have suggested that this might be an example of the
coupled instability described in Battisti (1988) producing a weak El Nifio without a
preceding buildup. The 1993 event was short-lived, and east Pacific SST had returned to
cool conditions by July 1993.

Both the initial warming event in September 1991 and the rapid cooling in June 1992
occurred essentially simultaneously across at least 8000 km of zonal extent (Fig. 8). This
remarkable feature is crucial in developing an understanding of the mechanism of onset
and decay of El Nifio, since it rules out purely oceanic wave processes, which are limited by
the equatorial Kelvin wave speed of about 2.5 m s ™!, The corresponding atmospheric limit
can be up to 10 times this value, and Fig. 3 shows that changes in zonal wind do commonly
occur nearly simultaneously across the equatorial Pacific. The zonal coherence of the
initial warming was probably due to the westerly wind anomaly which appeared essentially
simultaneously between 155°E and 110°W in September 1991 (Fig. 3, bottom). This
affected the ocean both by decreasing the latent heat flux to the atmosphere and by
reducing the efficiency of upwelling to cool the ocean surface. The 3°C SST cooling event
that ended the 1991-1992 El Nifo occurred as easterlies returned to the east and central
Pacific in June 1992, and the resulting strong upwelling acted on a shallow thermocline.

Although the present data set is inadequate to calculate all terms in the upper layer heat
balance, indications and some conclusions can be drawn about the mechanisms of SST
change at 0°, 140°W during the event. Most of the large SST variations could not have been
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due to changes in air-sea heat fluxes, which were generally found to be of the wrong sign to
cause the observed signals. For example, cloudiness increased and incoming short-wave
flux decreased during the period when SST was rising, then returned to near-normal
before the SST cooled. Changes in latent heat flux suggested an anomalous heat gain by
the ocean during September 1991, and this did appear to have played a part in the onset of
warming. However, the magnitude of the latent heat flux anomaly was too small by about a
factor of about three to have been the primary cause of the initial warming. Moreover,
during the subsequent growth of warm SST anomalies, the latent heat flux was anomal-
ously large, opposite to what one would have expected if turbulent air-sea exchange were
the main factor in generating the SST anomalies. Likewise, at the time of rapid SST
cooling in June 1992 at 140°W, the latent heat flux to the atmosphere was anomalously low
compared to climatology. These results suggest that air-sea heat fluxes were probably not
the dominant mechanisms responsible for the observed El Nifio SST anomalies at 140°W.
Conversely, zonal advection of SST, particularly associated with the intraseasonal Kelvin
waves, closely balanced observed SST changes during November 1991 to February 1992
near the height of the warm event, accounting for about 1°C of the SST anomalies at 140°W
[Fig. 14(b)]. At lower frequencies (annual and interannual), variations of zonal SST
advection were generally not well correlated with observed SST changes at 0°, 140°W,
though strong westward flow in mid-1992 may have contributed about 1/3 of the observed
cooling at the end of the 1991-1992 warm event. Meridional advection due to the passage
of a set of tropical instability waves caused the initial SST rise at 140°W to be especially
abrupt, but otherwise was apparently an anomalous cooling tendency near the equator
during the 1991-1993 event.

A simple method of parameterizing the effects of upwelling on SST was developed, in
which upwelling was taken to be proportional to local zonal wind stress (via Ekman
divergence), but the effectiveness of upwelling to change the SST was taken to be inversely
proportional to thermocline depth, which is largely remotely forced. This parameteriza-
tion reproduces the observed SST changes quite well on timescales of a few months and
longer (Fig. 16). These results suggest that variations in upwelling were a principal
contributor to SST change during the 1991-1992 event at 140°W. In particular, the 3°C
cooling in May-June 1992, which was not well accounted for by any other process, appears
to have been due primarily to changes in upwelling. The parameterization emphasizes that
both local wind forcing and remotely-forced thermocline variations are necessary to
account for the observed SST changes in the equatorial cold tongue.

Although we have pointed to specific elements of the SST balance as being dominant at
particular times, the observations presented (Figs 13-16; Table 1) indicate that all the
fluxes, including the air-sea fluxes, horizontal advection, and upwelling, were important
to the mean and to the annual and interannual variability of the overall balance. None of
the terms were small, all had large fluctuations, and all must be accurately measured if
quantification of the surface heat balance is to be achieved.
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